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Abstract 

We discuss the reaction of associated production of a top quark pair and 
a Higgs boson at the future e + e~ linear collider that can be used to deter- 
mine the top-Higgs Yukawa coupling. Taking into account decays of the top 
quarks and the light Higgs boson leads to reactions with 8 fermions in the 
final state which, in the framework of the standard model, receive contribu- 
tions typically from many thousands Feynman diagrams. An overwhelming 
majority of the diagrams comprises the off resonance background to the res- 
onant signal of associated production and decay of the top quark pair and 
Higgs boson. We address the signal and background issue by comparing cross 
sections calculated with the signal diagrams only and with the complete sets 
of the diagrams. 
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1 Introduction 



If the Higgs boson exists in Nature then it will be most probably discovered 
at the LHC. However, its production and decay properties, which are crucial 
for verification of the electroweak (EW) symmetry breaking mechanism, can 
be best studied in a clean environment of the e + e~ collisions at a linear 
collider. There are two projects of the linear collider being developed in a 
world wide collaboration: the International Linear Collider (LLC) pQ, with 
the collision energy of 0.5-1 TeV, and the Compact Linear Collider (CLIC) 
[2], with the nominal collision energy of 3 TeV. 

The Higgs boson mass constraints from direct searches at LEP give a 
lower limit of m# > 114.4 GeV at 95% CL, the direct searches at Tevatron 
exclude the standard model (SM) Higgs boson mass in the region 160 GeV < 
mil < 170 GeV and the virtual effects it has on precision EW observables in 
the framework of SM strongly favor a light Higgs boson. These constraints 
indicate that the SM Higgs boson should be searched for in the mass range 
114.4 GeV < mn < 160 GeV and, if it has been found, the tiH Yukawa 
coupling g tt H = rn t /v, with v = (v^Gp) -1 / 2 ~ 246GeV, can then be best 
determined in the reaction [3] 

e + e- -> tiH. (1) 

The lowest order Feynman diagrams of (CQ) are shown in Fig. [T], where we have 
neglected the diagrams with the Higgs boson coupling to e + e~ and the g t m 
coupling has been indicated by the gray circle. The diagrams in Fig. [T](a) and 




Figure 1: Lowest order Feynman diagrams of reaction (CQ) in the unitary 
gauge. 

Fig. dKb) dominate the cross section of ([1]) therefore it is almost proportional 

to gttH- 
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As t and t decay before they hadronize, predominantly into bW + and 
bW~, the W's decay into //'-pairs and, if mg < 140 GeV, the Higgs boson 
decays dominantly into a 66-pair, reaction ([1]) is observed through reactions 
of the form 

e + e- - bfJlbfJibb, (2) 

where fx, f 2 = z/ e , z/^, i/ T , u, c and /{, /2 = e~, r~, d, s. Different channels 
of (T5]) are usually classified according to the decay channels of the W bosons. 
For example, the reactions 

e + e _ — > bbbbT + h , T {i~b>[j i , (3) 
e + e~ — > bbbbud\i~ v ^ (4) 
e + e~ — >• bbbbcssc (5) 

represent the leptonic, semileptonic and hadronic detection channels of (pQ). 
In the the unitary gauge of SM, neglecting the Yukawa couplings of the 
fermions lighter than c-quark and r-lepton, they receive contributions from 
21214, 26 816 and 240 966 lowest order Feynman diagrams, respectively. An 
overwhelming majority of the diagrams comprises background to the signal 
of associated production and decay of the top quark pair and Higgs boson 
that in each channel gets contributions from 20 Feynman diagrams which 
involve 3 resonant propagators of the t- and t-quarks and Higgs boson at a 
time. For example, the signal diagrams of (jlj) are shown in Fig. |2j 




Figure 2: Lowest order signal Feynman diagrams of (jlj). The remaining 
diagrams are obtained by permutations of the identical b- and 6-quarks. 

In the present paper, we will address the signal and background issue by 
comparing cross sections calculated with the 20 signal diagrams only, with 
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the complete sets of the diagrams and with the neglect of the gluon exchange 
contributions. The comparison will be performed first in the presence of basic 
particle identification cuts and then with additional invariant mass cuts that 
should allow for identification of the top quarks, secondary W bosons and 
Higgs boson. We will also illustrate pure off mass shell effects by comparing 
the signal cross section calculated with the full 8 particle kinematics and in 
the narrow width approximation. 

2 Calculational details 

Because of large numbers of the Feynman diagrams the cross sections of 
reactions (@J and fl5j) must be computed in a fully automatic way. We 
will use to this end a recently released multipurpose Monte Carlo (MC) 
program carlomat [I]. 

The program itself is written in Fortran 90/95 and it generates Fortran 
routines for the matrix element in the lowest order of SM for a user specified 
process, taking into account both the EW and quantum chromodynamics 
(QCD) contributions. Any kind of particles in the initial state, including 
quarks and gluons, are possible, with up to 12 external particles. The MC 
summing over helicities has been implemented in the program as an option, 
however, an explicit helicity summing is also possible. When doing so, spinors 
or polarization vectors representing particles, or building blocks of the Feyn- 
man diagrams, are computed only once, for all the helicities of the external 
particles they are made of, and stored in arrays. The program generates 
phase space parametrizations, which take into account peaks in every Feyn- 
man diagram. They are automatically implemented into a multichannel MC 
integration routine for the cross section computation and event generation. 
Weights with which different kinematical channels contribute to the cross 
section are adapted iteratively. It should be stressed at this point that the 
phase space integration is the most time consuming part of the program. The 
initial state radiation has been implemented recently and some extensions of 
the SM and effective models are being implemented at the moment. 
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3 Signal and background 



The results presented in this section have been obtained with the initial 
physical parameters of [5]. In all tables presented below, the numbers in 
parenthesis show the MC uncertainty of the last decimal. 

Let us concentrate on the semileptonic reaction (jlj). The easiest way to 
calculate the signal cross section of associated production of the top quark- 
pair and Higgs boson is to apply the narrow width approximation that is 
given by 

°33 = -> ttH) x 1^ x E«^2i x (6) 

where <r(e + e~ — > tOJ) is the lowest order cross section of dTJ, the T's are 
the lowest order widths and we have assumed Y t ^ bW + /Y t = T^i w -/T t = 1. 
Then we calculate the signal cross section cr signal once more, taking into ac- 
count the 20 signal diagrams of (jlj) and applying the full 8-particle kinemat- 
ics, i.e., integrating the squared matrix element of (jlj) over 20-dimensional 
phase space. The results for cr^QJ^ and for the signal cross section without 
cuts, denoted cr^gnsJ 8 ) are shown in the last two columns of Table [U Their 
comparison shows the pure off mass shell effects resulting from the fact that 
the top quarks and Higgs boson are produced and they decay while being off 
mass shell. 

In the next step, we define the following basic cuts which should allow to 
detect events with separate jets and/or isolated charged leptons: 

5° < %,beam), 6 (I, beam) < 175°, 9{q,q'), 9(1, q) > 10°, 

E q , E h E T > 15 GeV (7) 

and calculate the cross sections of (jlj): a a \\, with the complete set of Feynman 
diagrams, a no qcd, without the gluon exchange diagrams and cr signa i , with the 
20 signal diagrams of Fig. [2j To which extent cuts (J7|) reduce the signal can be 
seen by comparing cr signa i with cr^° ™i ts - A comparison of a a \\ and <r no qcd with 
^signal shows the full lowest order SM and pure EW off resonance background. 
On the other hand, a comparison of cr a u with a no qcd illustrates the size of 
the pure QCD background which, in spite of what could have been expected 
if taking into account law virtuality of the exchanged gluons, turns out to 
be surprisingly large. The cross sections cr a u calculated with carlomat have 
been recalculated with 'Mega/Whizard. A satisfactory agreement within 
3cr for all reactions of (jSj) has been found [7]. 
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[GeV] 


Call 

[ab] 


C no QCD 

[ab] 


Csignai 

[ab] 


no cuts 
signal 

[ab] 


NWA 
° signal 

[ab] 


500 


26.8(4) 


7.80(3) 


3.095(3) 


3.796(3) 


3.920(1) 


800 


100.2(8) 


66.8(1) 


46.27(2) 


58.36(2) 


60.03(2) 


1000 


93.1(3) 


61.4(1) 


40.18(2) 


51.74(2) 


52.42(3) 


2000 


47.4(2) 


28.5(1) 


15.14(3) 


22.14(4) 


20.68(3) 



Table 1: Cross sections of reaction (j4]) at different c.m.s. energies with cuts 
([7j) calculated: with the complete set of Feynman diagrams, cr all , without 
gluon exchange diagrams, o" no QCD ; and with only the signal diagrams of 
Fig. [21 cT signa i. The last two columns show the total signal cross section 
c°igna\ ts an d the total cross section in NWA cr^A without cuts. 

At y/s = 500 GeV, where there is only very limited phase space volume 
for reaction (JTJ), the cross section depend substantially on the actual values 
of tuh and m t . This dependence for reaction (J3J) is illustrated in Tabled 

The off resonance background can be best reduced by imposing cuts on 
the invariant masses of two non b jets 



60 GeV < m (~ 6, ~ b') < 90 GeV, 




m H = 115 GeV 


m H = 130 GeV 


[GeV] 


Call C no Q C D C signa i 

[ab] [ab] [ab] 


Call C no QCD C signa i 

[ab] [ab] [ab] 


171 
174.3 
176 


39.8(1) 20.21(5) 14.61(1) 
35.3(1) 16.41(4) 11.69(1) 
33.3(1) 14.52(4) 10.19(1) 


29.9(1) 10.29(3) 4.670(4) 
26.9(1) 7.91(2) 3.095(3) 
25.4(1) 6.75(2) 2.365(2) 



Table 2: Lowest order cross sections of Q at ^/s = 500 GeV for different 
values of m# and m t . 
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4- — 


7 7 7 7 7 — 

— > bbbbudsc 


7 7 7 7 T — 

— > obooudjj, 


7777 _|_ — 

— > ObOOT^U T jJ 


Cuts: 


©, USD, (H2D 


©-(Ha) 


(H2D 


rrf h f 


Call Csig. 


fall Csig. 


fall fsig. 


[GeV] 


[ab] [ab] 


[ab] [ab] 


[ab] [ab] 


20 


167.0(4) 128.4(1) 


43.6(1) 33.93(2) 


23.28(5) 13.48(1) 


5 


139.1(3) 128.0(1) 


35.8(1) 33.10(2) 


16.95(4) 13.47(1) 


1 


130.5(2) 127.7(1) 


33.4(1) 32.82(2) 


14.44(4) 13.46(1) 



Table 3: Lowest order cross sections of different channels of at y/s = 
800 GeV with angular and energy cuts (J7j) and the invariant mass cuts indi- 
cated above. 

and of a b jet (bi) and the two non b jets that have already passed (jHJ) 

|m(&i,~ 6,~ &') -m t \ < 30 GeV. (9) 

In the semileptonic channels, we impose a cut on the transverse mass of the 
lepton and missing energy system 

m T (l, E T ) < 90 GeV, (10) 

and then combine it with another b jet (62), and impose the cut 

m t - 30 GeV < m T (b 2 , 1, $ T ) < m t + 10 GeV. (11) 

See Eqs. (18) and (21) of [5] for the definitions of transverse masses in (11 01) 
and (TTPj) . Finally, we impose a cut on the other two b jets, (63 and 64), 

\m(b 3 ,b 4 )-m H \ <m™\ (12) 

Cuts (JHJ) and (jTOj) should allow for identification of the W bosons, cuts Q 
and (llip for identification of the top quarks and (fl2l) for identification of 
the Higgs boson. The cross sections of 3 different reactions representing the 
hadronic, semileptonic and leptonic channels of (j2J) are shown in Table |3j 
We see that the background is substantially reduced. Let us note that a cut 
on the energy of a b quark: Eb > 40 GeV or Ej, > 45 GeV together with 
m£jf = 20 GeV or m£jf = 5 GeV would also reduce the background, but it 
reduces the signal much more than cuts ([S])- (fTT]) [5]. 
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4 Summary and Outlook 



We have addressed the signal and background issue in the reaction of as- 
sociated production of the top quark pair and Higgs boson at the future 
e + e~ linear collider that can be used to determine the top-Higgs Yukawa 
coupling. The background contributions are large for typical particle iden- 
tification cuts. In particular, the QCD background is much bigger than it 
could have been expected taking into account a possibly low virtuality of 
exchanged gluons. The background can be efficiently reduced by imposing 
invariant mass cuts allowing for the top and antitop quark, and Higgs bo- 
son identification. We have looked at the cross section dependence on the 
Higgs boson and top quark masses. We have also illustrated pure off mass 
shell effects by comparing the signal cross section calculated with the full 8 
particle kinematics and in the NWA. Taking into account the size of cross 
sections, the best place to measure the top-Higgs Yukawa coupling seems to 
be a linear collider operating at the centre of mass energy of about 800 GeV. 
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